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Collector grid design involves a compromise of the dimensions of junction 
depth, grid spacing and grid width (all of which should be small), and cost, 
which depends on the technology used and which deternines the minimum grid 
width (Figure I ) .  As the grid width resolution hecomes smaller, the other 
dimensions can be made smaller and cell performance will improve, but costs 
tend to be higher for technologies with fine line resolution capability. 
1. Xj should be small: 
a. 
BL'T b. 
2. For given sheet rho, reducing s will: 
a. reduce R (increase efficiency) 
increases blue response which increases efficiency, 
increases sheet rho, which increases R and decreases efficiency. 
S 
g 
BUT b. increase'shaded area, decreasing efficiency . 
3. For given s reducing W will: 
g' g 
a. decrease shaded area (increase efficiency) 
BUT b. this is limited by technology and cost. 
For space applications, metallization design is driven by the cost of 
lifting weight into orbit. Hence space cell technology uses shallow junctions 
with narrow gridlines at premium prices for high efficiency and high reliabil- 
ity. 
or photolithography for pattern definition. 
Metallization technology is evaporation or sputtering with shadow mask 
For terrestrial applications, design is driven by cost. Hence terrestrial 
design compromises performance by using deeper junctions and wider grid lines 
. i aced farther apart in order to achieve lower costs on a per peak watt basis. 
Current technology favors conductive screen printed inks or electroless nickel 
plating with pattern definition by screen printed resist. 
Typical values of pertinent parameters for current commercial practice are 
shown in Figure 2. 
Contact metallization must satisfy a number of functional criteria 
(Figure 3 ) .  
subsequent service life and to attain and maintain good adhesion ace critical, 
and are strong determinants of the metallization system design and materials 
selection. 
The need to avoid junction degredation during processing and 
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SPACE CELL METALLIZATION TECHNOLOGY 
The f i r s t  solar cells  had no f r o n t  s u r f a c e  m e t a l l i z a t i o n .  The d i f f u s e d  
junc t ion  wrapped around the  edge of t h e  ce l l  to  t h e  back, where concacts  were 
made. This  s i t u a t i o n  w a s  improved on by deploying a g r i d  of metallic conduc- 
t o r s  across t h e  i l l umina ted  s u r f a c e  t o  c o l l e c t  t h e  c u r r e n t  nea r  its o r i g i n .  
Me ta l l i za t ion  progressed i n  an evolut ionary f a sh ion  (Figure 4) from e l e c t r o -  
less n i c k e l  through evapc.rated t i tanium-si lver  c o n t a c t s ,  which were invented 
and patented by Marinaccio and Lepse l t e r  a t  B e l l  Laborator ies ,  t o  pas s iva t ed  
con tac t s  having a t h i n  l a y e r  of palladium under the  s i l v e r  t o  electrochemi- 
cally pass iva t e  t h e  t i tanium. Evaporated o r  p r i n t e d  aluminum is sometimes 
used t o  promote ohmicity of t h e  back contact  and reduce the  t i t an ium s i n t e r  
temperature. 
s u r f a c e  l a y e r s  (P p lus  back suxface f i e l d ) .  
The aluminum may be s i n t e r e d  to e s t a b l i s h  doping of t h e  s i l i c o n  
The Ti-Pd-Ag contact  system has become t h e  s t anda rd  q u a l i f i e d  space ce l l  
m e t a l l i z a t i o n  s y s t e m  a g a i n s t  which a l t e r n a t i v e s  are compared. Other t r a n s i -  
t i o n  metals are t e c h n i c a l l y  acceptable  but  have no t  been adopted f o r  commer- 
c ia l  p rac t i ce .  The p r e f e r r e d  method of f a b r i c a t i o n ,  evaporat ion through metal 
sIiadow masks, l i m i t s  p a t t e r n  and hence ce l l  s i z e .  Need f o r  large s ize  cells 
i n  l a r g e  space a r r a y s  is fo rc ing  t h e  us.e of pho to l i t hograph ic  technology f o r  
p a t t e r n  d e f i n i t i o n .  
TERRESTIAL SOLAR CELL METALLIZATION: PLATED CONTACTS 
E l e c t r o l e s s  n i c k e l  p l a t e d  con tac t s  o f f e r  several advantages (Figure 5). 
The erratic and u n r e l i a b l e  adhesion of e l e c t r o l e s s  n i c k e l  can be overcome by 
s i n t e r i n g  t h e  con tac t ,  whereby a n i c k e l  s i l i c i d e  compound is caused t o  be 
formed. 
d i f f e r e n t  s i l i c i d e s  (Figure 6).  Nickel atoms d i f f u s i n g  i n t o  t h e  junc t ion  
deple t io i i  region can act as recombination c e n t e r s  and degrade ce l l  performance. 
Anderson and Peterson observed t h a t  w i th  30 minutes s i n t e r  t i m e ,  j u n c t i o n  
shunt ing becomes evident  at 350 degrees and c a t a s t r o p h i c  a t  450. 
The n icke l - s i l i con  system is complicated by t h e  formation of several 
E l e c t r o l e s s  n i c k e l  p l a t e d  con tac t s  have been modified t o  improve adhesion 
and ohmicity by in t roduc ing  t h i n  l a y e r s  of gold or palladium deposi ted by 
displacement or a u t o c a t a l y t i c  methods (Figures 8 and 9).  
deposi t  is s i n t e r e d  a t  600 degrees to  form t h e  d i s i l i c i d e .  
e l e c t r o l e s s  n i c k e l  depos i t  is f u r t h e r  s i n t e r e d  a t  300 degrees  t o  ensure a 
s t a b l e  r e l i a b l e  contact .  
The t h i n  palladium 
The subsequent 
Nickel p l a t e d  con tac t s  have a high shee t  resistance, commonly overcome 
by s o l d e r  coating. 
at tractive a l t e r n a t i v e  which has  been i n v e s t i g a t e d ,  but  is not  y e t  i n  commer- 
cial  use. 
than 20 yea r  l i f e  f o r  exposure of 6 hours p e r  day at 135 degrees. 
Copper p l a t i n g  over  t he  electroless n i c k e l  is a c o s t  
Grenon and co-workers p r e d i c t  t h a t  such s y s t e m s  w i l l  have g r e a t e r  
TERRESTRIAL SOLAR CELL METALLIZATION: PRINTED CONTACTS 
The use of sc reen  p r i n t i n g  f o r  s o l a r  ce l l  con tac t  m e t a l l i z a t i o n ,  f i r s t  
descr ibed by Ralph i n  1972, has  been extensfvely developed and is  now widely 
used f o r  terrestrial s o l a r  c e l l s .  The o r i g i n a l  s c reen  p r i n t e d  m e t a l l i z a t i o n  
used commercial f r i t t e d  s i lver  conductive inks ,  and t h i s  has  continued t o  be 
the  p r a c t i c e .  
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The use o f  a b r i e f  d i p  i n  d i l u t e  hydrofluoric  a c i d ,  f r equen t ly  r e s o r t e d  
t o  as a means of improving ce l l  performance, r e s u l t s  i n  such undesirable  
e f f e c t s  as uns t ab le  ce l l  performance and errat ic  adhesion, both of which de- 
grade i n  humid envi-onments. Good, s t a b l e  curve shapes can be obtained by the  
use  of s h o r t  ( sp ike)  f i r i n g  techniques.  This i s  t y p i c a l l y  achieved by s i n t e r -  
ing  temperatures of 600 t o  700 degrees f o r  30 t o  120 seconds i n  i n f r a r e d  fur-  
nace equipment. 
S i n t e r i n g  is c a r r i e d  out  i n  an ox id iz ing  atmosphere which generates  an 
oxide l a y e r  on t h e  s i l i c o n  to  which t h e  f r i t  can bond. However, t h e  f r i t ,  
a c t i n g  as a f l u x  f o r  the oxide can allow the  ox ida t ion  process  t o  cont inue 
and t o  pene t r a t e  t h e  junc t ion .  This poss ib ly  exp la ins  the  necess i ty  f o r  t h e  
sp ike  f i r i n g  and t h e  e f f e c t s  of HF treatment.  S i l v e r  can also migrate t o  the  
junc t ion  by d i f f u s i o n ,  r e s u l t i n g  i n  degredation of c e l l  performance. Junct ion 
depths of 0.35 t o  0.5 microns are necessary t o  ensure long service l i f e .  
In  the  area of new developments, procedures t o  ove rp r in t  and f i r e  through 
Ti0 AR coa t ing  have been descr ibed by Frisson. I n  the  sea rch  f o r  base metal 
systems, promising developments with molybdenum-tin have been reported by 
SOLOS and Spectrolab and wi th  f r i t l e s s  copper inks  by Ross. 
TERRESTRIAL SOLAR CELL METALLIZATION: BACK CONTACTS -
Back c o n t a c t s  are more d i f f i c u l t  t o  e s t a b l i s h  because of t he  tendency t o  
form Shottky b a r r i e r s .  
d i f f u s i o n  o r  aluminum a l l o y i n g  i s  advantageous. 
aluminum have been used t o  form the  P+ doped layer on t h e  back su r face .  
aluminum must be s i n t e r e d  above t h e  silicon-aluminum e u t e c t i c  (577 deg. C) 
i n  o rde r  t o  provide t h e  des i r ed  aluminum doped regrowth l a y e r  (Figure 11) 
which should be uf t h e  o rde r  of 1 micron th ick .  
inum backs t h e  use of a very s h o r t  ( sp ike)  f i r i n g  cyc le  a t  about 900 drgrees  
has  been e f f e c t i v e .  Overcoating with evaporated Ti-Pd-Ag, by e l e c t r o l e s s  
n i c k e l  p l a t i n g  o r  t in-zinc e u t e c t i c  a l l o y  appl ied by u l t r a s o n i c  s o l d e r i n g  
i r o n  technique have been used t o  form so lde rab le  pads on p r i n t e d  aluminum 
backs. 
a p r i n t e d  s i lver  contact  i n  a gridded configurat ion.  
The formation of a more heavi ly  doped l a y e r  by boron 
Both evaporated and p r i n t e d  
The 
I n  t h e  case of p r i n t e d  alum- 
Al t e rna t ive ly ,  t he  p r in t ed  aluminum may be s t r i p p e d  and replaced with 
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Figure 1 . Solar-Cell Collector Grid Metallization 
Figure 2. Typical Values 
APPL I CAT Mt4 
SPACE 
TERRESTRIAL 
EFF . ., MICRON MICRON nn, b 9 XJ 
081 < 50 1 14 
9.35 7150 3 12 
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Figure 3. Metallization Requirements 
1, LOn RESlSTANCE OHMIS CONTACT 
2. AVOID PERFORMANCE DEGREDATION 
- JUNCT!ON SHUNTING 
- MlNORlTY CARRIER LIFETIHE 
3,  GOOD ADHESION 
4, LONG TERM STABILITY 
Figure 4. Evolution of Space-Cell Metallization 
10 NO ILLUMINATED SURFACE RETALLIUTION 
2, ELECTROLESS #ICKEL FRONT SURFACE CRIDS 
3, EVAPORATED TITANIUM - SILVER, SOLDER COATED 
Figure 5. Attributes of Plated Contacts 
1, SHALL CAPITAL INVESTMENT 
2. ANENABLE TO  on COST, HIGH VOLUK BATCH PROCESS MANUFACTURING 
3, ADDITIVE PROCESS LIMITING MATERIAL COSTS 
4, INSENSITIVE TO SURFACE IRREGULARITIES 
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Figure 6. Ni-Si Alloy System 
ORlGlNAL PAGE 19 
OF POOR QUALITY 
Figure 7. Effect of Sintering on Adhesion 
of Electroless Nickel Contacts 
SINTER PEEL 
TEMPERATURE. STRENGTH 
NO SINTER 
2m0c 
25C 
275 
300 
90 GRAMS 
332 
391 
510 
618 
"20 SECOADS SINTERING TIME 
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Figure 8. Pd-Si Alloy System 
Figure 9. Au-Si Alloy System 
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ORIGINAL PAGE 18 
OF POOR QUALlrV 
Figure 10. Evolution of Plated Contact Technology 
1, SfPlPLE ELECTROLESS NICKEL PLATING WITH SOLDER COAT 
2, USE OF COATING AS P U T I M ;  RESIST 
3. USE OF AU OR PO TO PROROTE ADHESION AND O W I C I T Y  
4. COPPER iuiits TO REPUCE SOLDER COAT 
Figure 1 1. Aluminum-Silicon Alloy System 
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DISCUSSION 
WOLF: Thank you very much. At least we have advanced tremendously vith our 
metallization problems at a time when most of the pottants were not well 
understood, particularly these questions of residual chemicals being 
interfaces -- interacting with environments -- which led in early times 
to customers concluding that you might as well ship the contacts in one 
box and the cells in another. 
NICOLET: I would like to make a couple of conments. The first one has to do 
with the nickel-copper system. 
so I think it is evident that by combining these two elements you don't 
have a stable system. 
will change. 
investigate the matter, and we found to our surprise that the 
palladium-silicon phase diagram that you projected, from Hanson, is 
wrong. The nickel-and-platinum-based systems with silicon are also 
vrong. If you are interested I can give you a later reference. It 
surprised me these things are so old and yet not fully understood. PdSi 
is per itec t ically dissociating at 7OC. 
Nickel and copper form a solid solution, 
By stability I mean if you wait long enough it 
The second comment is perhaps worthy of note here. We did 
TAYLOR: I agree with your first comment about the copper-nickel system. If 
fou wait long enough or if you expose the system to high enough 
temperature, copper is going to migrate. Pryor and coworkers at 
Motorola have looked at that problem and have shovn that for 20-year 
life, the copper-nickel system is a viable system. 
phase diagram, I find this to be a very interesting question, I have 
looked at those phase diagrams and there is something about those 
diagrams that has to be wrong. I think that what we are seeing there is 
that the early phase-diagram work looked at reactions going on at fairly 
high temperatures and then they just dropped everything down to lower 
temperature. 
low temperatures, and those same reactions are going on, and I think 
that a reevaluation of those types of systems is a thing we need. 
With respect to the 
We are now dealing with systems in which we are using the 
WONG: Bill, I have a question. When you showed the gold silicon nhase 
diagram I saw no significant solubility between those two constituents; 
I wonder whether you couldn't have adhesion problems at the gold and 
silicon interface, because thermodynamically it is hard to form the 
interface. 
TAYLOR: Well, one certainly has a certain amount of solid solubility. 
diagram I use there was taken from a fairly accurate reference. The 
solubility is so limited by the chart, there is no way one can get good 
adhesion. 
The 
LAVENDEL: I would like to complement your information on the use of welding 
t o  titanium-palladium-silver systems in this country. Lockheed has a 
very extensive program with respect to solar arrays where the welding of 
copper interconnect to silver metallization is used. At this present 
moment extensive tests equivalent to the low earth orbit for five years 
-- -8OO to +80°C cycles -- have been performed and very little 
damage to the welds were found. We found some traces of some problems 
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t h a t  might not  be connected t o  f a t igue  but  might be connected t o  
entrapment of these  p o t t a n t s  i n  some of t he  s i l v e r  compound. 
TAYLOR: Yes, I was aware of t he  Lockheed program and I th ink  you people are 
perhaps f a r t h e r  along than anybody else t h a t  I know. This is s t i l l  a 
program chat is being proven out .  
LAVENDEL: I t  could be appl ied t o  one of the  coming s h u t t l e  f l i g h t s .  
TAYLGR: I don ' t  think i t  has as yet  been appl ied.  There is  i n  t h i s  country 
a program t h a t  was i n i t i a t e d  by NASA t o  reopen the  whole sub jec t  of 
welding technology. I have not  heard what has been happening t h i s  pas t  
year.  1 am s u r e  t he re  i s  a Lot of i n t e r e s t  on the  pa r t  of space people 
i n  welding technclogy. 
STEIN: We have done a l o t  of work on u l t r a s o n i c  aluminum w i r e  and r ibbon 
bonding to s i lver -bear ing  conductive coa t ings ,  such as t he  s i l v e r  t h a t  
might be used on a s i l i c o n  s o l a r  c e l l .  
i t se l f  a s  a subs t r a t e .  
and thermal cyc l ing  s t a b i l i t y  comparable, c e r t a i n l y ,  i n  an acce le ra t ed  
way, t o  20 years  of l i f e .  It is  a b i t  d i f f e r e n t  from welding. 
W e  haven ' t  done t h i s  on s i l i c o n  
However, with some systems we see age s t a b i l i t y  
TAYLOR: lhank you for your COmnent. I don ' t  r e a l l y  have anything t o  add 
there .  I know t h a t  is a technology t h a t  i s  being worked on. 
WOLF: We w i l l  proceed t o  the second speaker of t he  sess ion .  
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